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Abstract
In this project, the team was tasked with creating an alternative process for the sintering of 3-D
printed metals. This alternative process is to involve the use of a vacuum furnace to eliminate currentstate barriers such as argon shrouding and size limitations. Currently, metals are sintered using the
Markforged Sinter-1, a furnace which requires an argon shroud and uses proprietary sintering
conditions. The goal of this project is to determine these conditions and replicate them on the vacuum
furnace in a way which induces similar material properties as those done on the Sinter-1. This vacuum
furnace, a Sentro Tech High Temperature Tube Furnace, has a higher size capacity than that of the
Sinter-1 and customizable heating parameters. Materials under analysis will include 17-4 PH Stainless
Steel and Inconel superalloy.
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1. Introduction
The goal of this project is to determine the conditions required for the sintering of 3-D printed
metal materials, mainly 17-4 PH Stainless Steel. The state of the current printing process involves the
initial print followed by a post-processing step known as sintering to temper the metal and obtain the
ideal and necessary properties of the materials. To sinter the materials, the printed parts are p laced in
an oven-like machine (the Markforged Sinter-1) with an argon shroud. This significantly drives up the
cost of the process. The sintering machine’s temperature and time conditions are proprietary as well,
and the manufacturer will not provide any data on the temperatures used for the process. Furthermore,
the Sinter-1’s maximum part size is below the maximum build size of the printer (the Markforged MetalX).
The ideal and future state in the sintering process will utilize a vacuum furnace to replace the
argon-shrouded Markforged Sinter-1 sintering process. This vacuum furnace, a Sentro Tech High
Temperature Tube Furnace, has a higher capacity than that of the Sinter-1 and customizable heating
parameters Through testing with trial and error as well as extensive research, the outcome of this
project will be the ability to sinter 3-D printed parts in the vacuum furnace with the same or very similar
physical properties to those sintered in the current machine.
To move to the future state, 17-4 PH printed parts will be sintered in both furnaces and tested
for material properties such as tensile strength and hardness. Adjustments will be made to the sintering
conditions (i.e. stage time and temperature) of the vacuum furnace in accordance with this data until
the resulting material properties are as close as possible to those of current-state parts. Upon
completing this objective, the scope of the project may expand to determine a curve for Inconel
superalloy and/or heat treating of 17-4 PH printed parts as part of their sintering.

1.1 Problem Description
This project was proposed by Dr. Manigandan Kannan to benefit the mechanical engineering
department. Currently, the process for 3-D printed metals involves printing the design, washing the
print, and then sintering it. The problem occurs in the sinter part, as it is too expensive to continue with
this part of the process. The objective of this project is to create a sinter graph for 17-4 PH Stainless
Steel using a new machine, a Sentro Tech High Temperature Tube Furnace, establishing the conditions
under which the print will be run. The new conditions will still result in the same material properties,
regardless of which process is used. 17-4 PH Stainless Steel will be the primary material under analysis;
however, Inconel superalloy may also be analyzed if time permits.

1.2 Background Research
Before the team began work on this project, there was a necessity to research and understand
more about what goes into the metal 3-D print and sinter process as a whole and how it would be
1

possible to achieve the goals that were set. The process under analysis uses a range of equipment from
Markforged, beginning with their fused filament fabrication printer, the Metal-X.

1.2.1 Markforged Metal X 3-D Printer
The Markforged Metal-X is a fused filament fabrication printer, a category of material extrusion
3-D Printing. The filament is composed of a powdered metal base bound in a polymer matrix. This
filament is heated and deposited onto the print bed where the polymers in each layer are bonded to
each other to create a structure. This method of printing requires less maintenance and upkeep than a
traditional powder bed metal 3-D printer. This method also enables new features such as close-cell infill,
which reduces part weight and cost. The printer has a smaller footprint than typical metal 3-D printers,
as it is 44.1 inches tall and 22.7 inches wide, weighing 160 pounds. The build volume inside is still rather
large. This printer can build any design within a volume of 11.8 x 8.7 x 7.1 inches. This printer uses the
Eiger Cloud as its supplied software, which works by importing a design and then uploading it to the
cloud, where the printer finds it and starts printing when prompted.

1.2.2 Markforged Wash-1
Upon completion of a print, parts must be washed in Markforged Wash-1. The Wash-1 is a
solvent-based de-binding system that primarily uses Opteon SF-79. Opteon SF-79 is a high-performance
fluid that is specifically designed as a high efficiency, environmentally friendly cleaner. Before the print is
washed, it must be weighed for a later step. During the wash phase, the first stage of the binding
material is removed when it is lowered into the solvent. The time it takes to wash varies depending on
how thick the part is. For 17-4 PH Stainless Steel, the wash phase is fully completed when the print loses
about 4.1% of its weight. For typical parts, this takes about one day to complete. Therefore, it is
essential to weigh parts both before (green) and after the wash phase to ensure that it has de-bound as
planned.

1.2.3 Markforged Sinter 1
The final step of the process is to sinter the washed print using the Markforged Sinter 1.
Sintering works by placing the print in a tube furnace, then ramping up the temperature in it to burn
away the remaining binding material. The metal particles fuse together to create a strong metal part as
the temperature is increased towards the melting point. Any printed supports or rafts turn to powder
inside the furnace, allowing the print to be fixed to the raft for better accuracy and release after
sintering. This final phase of the process takes about one day to complete, and upon completion, the
print is then able to be used or machined for its final application.
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1.2.4 Sentro Tech High Temperature Tube Furnace
The Sentro Tech High Temperature Tube Furnace has been selected to replace the Sinter-1 in
the process described above. The Sentro Tech Furnace can reach up to 1600°C and has full temperature
control, allowing a “curve” to be input by changing the time and temperature at each stage. Before
every sinter phase, there needs to be a pre-heat stage where the ceramic tube is heated up and kept at
200°C for two hours. This fully programmable furnace can be set for any temperature for any amount of
time, allowing for it to replicate, and then eventually replace, the Sinter-1. It has a capacity slightly larger
than the Sinter-1; however, when the sintering conditions are determined, they can be replicated in
much larger vacuum furnaces.

1.2.5 Sentro Tech Vacuum Sintering Furnace
The Sentro Tech Vacuum Sintering Furnace was an alternate option that was used to sinter any
samples that were needed. This furnace is able to reach up to 1600°C and is completely programmable.
This furnace has a significantly larger area for parts to be sintered making it an ideal candidate to
replace the tube furnace after the research has been completed. The main drawback of this furnace,
however, is that due to its large capacity, it heats up and cools down slower than the tube furnace,
resulting in different outcomes for the samples using the same temperature curve as the tube furnace.

1.2.6 Instron Universal Testing Machine
The Instron Universal testing machine is built for a variety of applications, ranging from bending
tests to peel tests and tensile tests. For the purposes of this project, only its usage in tensile testing will
be analyzed. The Instron utilizes wedge grips to apply force to either end of a sample, followed by
raising the upper grip at a slow, given rate to measure force-to-break in dog bone samples. Data is
exported as .csv files, displaying time, force (in kN), strain (measured from an extensometer
attachment), and calculated yield strength (in MPa, using given sample dimensions). For some tests, the
calculated yield strength was not exported and had to be calculated after extracting the force and time
data, although this is not a significant issue.

1.2.7 Current State of Sintered 17-4 PH Stainless Steel
17-4 PH Stainless Steel is a very common metal for 3-D printing due to its strength, hardness,
and corrosion resistance. One example of the extensive research done on this metal is the size of the
powder particle. It has been determined that the end result is the essentially the same once the sinter
process is complete. Another factor that has been looked at is the type of furnace, which is significant
for this research project. The article “MIM 17-4 PH Stainless Steel: Processing, Properties and Best
Practice” in PIM International states that there is no real evidence that the type of furnace matters, and
that other factors have a much more dominant role, specifically peak temperature. Other factors that
significantly affect outcome of sintering are hold times, atmosphere, and additives.
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1.3 Societal Impact
This project has the potential to have an impact that extends beyond the University of Akron.
This project involves creating a new process for the Markforged Sinter-1 furnace, which is the main
sintering machine used in combination with the Markforged Metal-X printer. With conditions
determined to match the manufacturers’ equipment, the Sinter-1 furnace could be easily replaced in the
printing process. Markforged is a popular brand for low-cost metal printers, and therefore this research
has the potential to be impactful in many different environments.

1.3.1 Companies
Companies that have a need for metal 3-D printers may explore the Metal-X printer as an
option, but they may be limited by the number of additional pieces of equipment needed to complete
the sintering process. With the necessity of one of those additional pieces removed (the Markforged
Sinter-1 furnace) the total initial costs could be lowered and the operating cost over time (associated
with argon usage) could also be lowered.

1.3.2 Academics
For academic use, lowered part cost means more accessibility. For example, the University of
Akron is a large engineering school and has a lot of students and professors who are working on design
projects. With the Metal-X printer more easily available as a result of no longer needing expensive argon
gas to complete the sintering process, students and professors will be able to explore more projects and
different categories of projects.

1.3.3 Personal Use and Beyond
The final area that must be considered when looking at the effects this research has on society is
for personal use. While this is the rarest area to consider, there is still a possibility. Someone may be
interested in this research for a variety of reasons, ranging anywhere from a startup company to just
designing a fixture for their house. Either way, a single person would always look for a way to minimize
the amount that they would have to spend on their project.

1.4 Industrial Contact
After meeting with our class advisor, it was clear that our project needed an outside opinion.
This is when we were introduced to Chad Beamer, an expert in the field of HIP, or hot isostatic pressing,
at Quintus Technology. Chad has extensive experience with the HIP Process as well as experience in
testing the prints for porosity. Porosity is one of the factors that will be under analysis in our sintered
prints, and Chad had some great suggestions on how to do that. His suggestion for the first step into
4

evaluating density would to be applying Archimedes’ Principle with a common test which involves
putting the sample in water and measuring the displacement of the water. This would allow for a
density to be calculated and compared to the tabulated density of 17-4 PH Stainless steel and the
Markforged-sintered samples to see how they compare. If there is a discrepancy, then further testing
would need to be done. At this point, Chad suggested that since tensile testing is being performed, then
elongation and reduction of area are good indicators of porosity elimination as ductility and density
increase.

1.5 Codes and Standards
While working on this project, it was important for our group to follow the typical codes and
standards that are required when going through the 3-D printing process. For our group, this means that
we wore all the proper safety equipment during the wash and sinter phases as those posed the biggest
safety threat. Long sleeves were required, and rubber gloves were worn for the wash phase to p revent
any cleaning solution from coming into contact with our skin. The sinter phase required the use of heatresistant gloves and tongs to safely remove the ceramic plate from the tube furnace. Also, during tensile
testing, safety glasses were worn to ensure that no accidents would occur when the sample broke.
When personally using any machine, such as the tube furnace, it was required for us to study
the manual and follow the guidelines that it sets up strictly. The manual described guidelines to follow
on how to set up the furnace, while also mentioning safety hazards. Reading the manual was not only
for our safety, but to also prolong the life of the machines we were using as well. Whenever there was a
problem with the furnace, our group contacted our supervisor on how to best proceed. If the solution
required a repair to the tube furnace, then the proper staff member was notified, and they would
proceed with fixing it.
Other standards under consideration included ASTM or ISO standards for testing of metals, such
as ASTM E8 which dictates the rate of extension and expected setup of a tensile test. Standards like
ASTM E8 were consulted for sample dimensioning and test expectations.
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2 Research Process
The beginning of this research project starts with looking at the Sinter-1 temperature graph. The
problem occurs with examining the graph and seeing that there is no way to know how long each step
takes or what temperature that step is taken at. A picture of the Sinter-1 graph can be seen below:

Figure 1, Sinter-1 Temperature Graph
This graph has no indicators to show what was done to achieve these results, which makes the
process of replicating the same strengths of the material on the Sentro Tech Furnace much more
difficult.

2.1 Tube Furnace Sintering
To begin this project, our group was fortunate to have a basis on which to begin experimenting
with. The previous student was not able to finish his work, so it was passed on to another group with the
goal of completing the project. The graphs below are the work of a student who had previously worked
on this project, and the graphs show two iterations of tests on 17-4 PH Stainless Steel (Mark 2 and Mark
3):
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Figure 2, Mark 2

Figure 3, Mark 3

The graph below about tensile strength was also given to start the project.

Figure 4, Tensile Test Results

Using these graphs, we aimed to replicate them, so that we were on the same page as where
the project left off. We initially attempted to reproduce the results of the previous student, but during
the early stages of this process, maintenance was required on the furnace. The ceramic tube inside the
7

furnace had a crack which resulted in not being able to create a vacuum. After two weeks of ordering
the part, having it delivered, and installing it, the furnace was finally up and running again. This caused
an unfortunate, unforeseen delay in our progress. However, since the furnace has become operable
again, the team has been able to successfully sinter samples in accordance with the previous student’s
work. The picture below shows the tube furnace that was worked with.

Figure 5, SentroTech Tube Furnace

2.1.1 Results of Tensile Test
It is important to establish a baseline for the data gathered from the new process. Two samples
were sintered using the current process. Both of these samples underwent a tensile stress test, and the
results of one of these tests can be seen in Figure 6 below.
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Tensile Stress Sample 5 (Baseline in MPa)
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Figure 6, Mark 3 Tensile Stress Test for Sample 5

The max tensile stress found from the baseline graph was 1,025.1 MPa, and an average of 1,013
MPa across the two baselines tested. According to the Markforged website, the tensile strength should
be 1,050 MPa. When working on the Mark 3 Sinter process, an official graph was formed of the
temperature curve. This can be seen below:
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Figure 7, Mark 3 Temperature Curve

9

P60988 - Thermocouple…

A tensile test was performed to determine the tensile strength of the parts that were sintered
using the temperature curve shown above (Figure 6: Mark 3). with an increase of displacement. An
Instron Universal Testing machine was used to perform the test, utilizing wedge grips, strain gauges, and
a force transducer. The graph below shows the results garnered from this test, indicating the maximum
tensile stress achieved as above.

Tensile Stress Sample 9 (Mark 3 in Mpa)
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Figure 8, Mark 3 Tensile Stress Test for Sample 9

The max tensile stress found from the Mark 3 graph was 1,252.5 MPa. Looking at the four
samples that were tested, an average of 1,220.7 MPa was calculated for the tensile strength. This shows
that the new process we have may be resulting in better properties than the standard process. Further
testing needs to be completed to confirm these speculations; however, the most likely cause is heat
treating occurring during the sintering process. This will be verified in the future by conducting
additional test on samples sintered with the Mark 3 curve such as porosity and hardness testing.

2.1.2 Heat Treatment
Our next objective was to look into how to heat treat the sintered samples. This was done by
looking at multiple different research articles and websites, then comparing the data to see what would
give us the best results. The graph below represents the temperature curve that was followed.
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Figure 9, Temperature Curve for Heat Treatment

According to the multiple articles, the typical heat treatment range for temperature is 480°C to
620°C with a time range from one to four hours. To meet in the middle for this, the temperature is set to
550°C and the time is set to 150 minutes or two hours and 30 minutes. Using a standard heating rate of
5°C per minute resulted in the calculated graph. The tensile test was performed, and the resulting stress
vs displacement graph is shown below.

Figure 10, Mark 3 Sample Heat Treatment Tensile Test
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The results of this test did not correlate to what was expected. The max tensile stress found was
1041.29 MPa with a max displacement of 5.572 mm. When comparing this to the previous Mark 3 graph
this is significantly worse as the Mark 3 graph had a max tensile stress of 1,252.5 MPa and a max
displacement of 6.658 mm.
With further research into this, it was discovered that the original Mark 3 graph had the heat
treatment phase built into the temperature curve. Any further sintering would reverse the effects and
make the sample more brittle. This was confirmed when multiple heat-treated Mark 3 samples fractured
at weaker loads. When Mark 2 samples were heat treated, the tensile test would result in an ultimate
strength around 1,250 MPa, similar to what was found with the Mark 3 samples. An example of this can
be found in the graph below.

Figure 11, Mark 2 Sample Heat Treatment Tensile Test

2.1.3 Comparison to Standards
When examining the results of the Mark 3 sample and the heat treatment sample, there are two
main sources of data to compare to, the Markforged website and their claims on how strong the
product is and how strong a real sample of 17-4 PH Stainless Steel is.

2.1.3.1 Markforged Comparison
The Markforged website claims that their 17-4 PH material can be sintered up to 1050 MPa and
after heat treatment it can reach 1250 MPa. The results received from the Mark 2 and heat treatment
tests align with the 1050 MPa claims, however the Mark 3 graph is very similar to the heat treatment
strength of 1250 MPa. The reason that the heat treatment results received may be lower is that the
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samples may have been heat treated during the sintering stage. This makes the heat treatment stage
that was done after the Mark 3 sinter hurt the sample by making it more brittle.

2.1.3.2 Comparison to Real Metal
A great comparison for the Markforged samples that were printed is to compare them to real
metal. For this, real 17-4 PH Stainless Steel was bought, measured, and cut down to a size that could fit
into the tensile testing machine. For this, two samples were tested regularly, and two samples were
heat treated first. The regular samples came to have a measured ultimate strength of 1075 MPa, similar
to the Mark 2 results. The heat-treated samples resulted in an ultimate strength of 1250 MPa, which
lined up with the Mark 3 results. The results show that the printed Markforged samples have similar
strengths to their real metal counterparts.

2.1.4 Ultrafuse 17-4 PH Stainless Steel
While looking at the results of the Markforged 17-4 PH material, it was encouraging to see the
results received and we looked to see if we could improve further. A new material was suggested, this
one was made by Ultrafuse, a widely known 3-D printing company. This company is known for their
efficient and affordable printers and materials, which are also commonly used in professional settings.
The Ultrafuse material is cheaper and is able to be used on a traditional plastic 3-D printer. On top of
this, the print and sinter cycle are also quicker when compared to the Markforged material. The
downside of this material is that it has an ultimate strength of 760 MPa, which is significantly weaker
than the Markforged material. This means that any part printed with this material would have to be
used in a less strength-intensive scenario.

2.1.4.1 Tensile Testing Results and Comparison to Markforged Material
The results came out so poorly from the sintering cycle that it was not actually possible to
tensile test them as the samples would break before they were even put into the machine. To find a
reason why this was happening, research was completed, and it was decided that the Ultrafuse material
was not properly being prepared as it also needed to have a wash phase; However, this was discovered
too late into the semester, and we were not able to test this theory and continue with the research into
the new material.
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2.2 Box Furnace Sintering
Another furnace that was looked at to sinter with was the STV 1600°C Vacuum Sintering
Furnace. The reason this furnace was desired was because it had a significantly larger area for samples
to be sintered. On top of this, the furnace has more factors that can be controlled and programmed.
With this furnace, there is also no need for a pre-heat phase as the ceramic container that the sample
sinters in are thick enough to where there is little fear of it cracking. If this furnace is capable of being
ran and receiving the same results as the tube furnace, then the box furnace would be the preferred
choice to sinter any new samples.

Figure 12, SentroTech Box Furnacce

2.2.1 Problems Encountered
There were a few problems that were encountered while attempting to sinter with the box
furnace. The first problem that occurred was trying to create a full vacuum under the furnace. When the
furnace was first being programmed for use, everything went well except for pulling a full vacuum inside
the furnace. This was fixed by learning how to properly program the furnace so that the air pump would
be able to do what it is supposed to do.
The other, much larger problem is that the box furnace did not cool down at the rate that was
expected. This was especially bad as at points where the temperature is set to 0°C it would be as high as
550°C. This longer time in cooling immensely hurt the tensile test results by sintering the part for much
longer and creating a brittle sample. The attempts made to speed up this cool down process was to
open the air valves and the outer door to create more airflow into the chamber, but this was
14

unsuccessful. The other option to cool down the chamber was to use argon gas, but this is not a viable
option as it is too expensive to use. In the end, the solution of this problem would be to create a new
sinter curve to account for the longer cool down, but this was not achieved due to time constraints.

2.2.2 Box Furnace Results
The Mark 3 sinter curve was transferred over to the box furnace expecting similar results.
However, the results of the box furnace came out poorly. The standard process of this box furnace
consistently did not reach higher than 1 mm. The graph below shows the results from the standard
process tensile test.

Figure 13, Standard Process Tensile Test Result

According to this graph, it looks like the sample was brittle. One belief for this is due to how the
furnace took significantly longer to cool down, that it was overcooking the samples. In response to this,
the final three steps were reduced by 30 minutes, resulting in an hour and a half shorter in sintering
time. This was done because the last three steps include the peak temperature and two cool down
steps. While the results were better in displacement, the stress that the sample was able to endure was
significantly less.

15

Figure 14, Reduction in Sintering Time Result

2.2.3 Use of Molybdenum Foil Bag
In the research process of discovering ways to improve our test results, we came across the use
of a molybdenum foil bag. The reason this material was chosen due to its specific properties, where in
the sintering process the material can be placed inside of it and receive similar results. The advantage of
the bag however is that it reduces the amount of moisture for the sintered part. This allows for the part
have less porosity in it and therefore make it a stronger sample. The picture below shows what the
molybdenum foil bag looks like.

Figure 15, Molybdenum Bag
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2.2.3.1 Molybdenum Foil Bag Results
Due to the circumstances we were under, we had to use the molybdenum bag with the box
furnace. When comparing the results of the molybdenum foil to the standard process, there is a clear
upgrade using this. Since the box furnace gave poor results, the same large improvement cannot be
assumed for the Mark 3 sinter curve in the tube furnace, but there is still belief that the molybdenum
bag would give slightly better results. Below shows a graph comparing the molybdenum bag and
standard process results.

Figure 16, Comparison of Standard Process with and without Molybdenum Bag

The molybdenum bag significantly increased the ductility and strength of the material. Sadly,
this experiment could not be replicated due to the molybdenum bag becoming too brittle due to the
high heat. This bag also could not be replaced due to how expensive the material is.

2.2.4 Polishing and Microstructure Analysis
After the tensile test, a small segment is taken from the sample to start a process called
polishing. This segment is small enough to fit comfortably into a 1-inch diameter by 1-inch tall cylinder.
The process starts with filling the cylinder with an epoxy and placing the segment in it. After waiting a
day for this epoxy to harden, it is then possible to start the polishing process. The machine that was
used was the Buehler AutoMet 250, as seen below:

17

Figure 17, Buehler AutoMet 250

This machine ran by turning the circle that the samples were tightened into and rubbing the
resin against a piece of sandpaper that the machine was spinning at a much quicker pace. This process
was done four times, each at 10-minute intervals. The first time started with a 180-grit paper, then the
second was at 220 grit. The third and fourth time both ran with a significantly higher abrasiveness,
where the third was at 9 micron (roughly 1200 grit) and the fourth was at 3 micron (roughly 4000 grit).
After this step was finished, we were then able to examine the results under a microscope.
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Figure 18, Microstructure Analysis at x1500 Zoom

Figure 19, Microstructure Analysis at x2000 Zoom
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Figure 20, Microstructure Analysis at x4000 Zoom

Looking at each of these pictures closely can show a few different things. The first of which is all
the black dots on each picture. These black dots are holes in the material, which is more well known as
porosity. This porosity is making the material weaker by simply just having no material where there
should be. This is very significant, as for this particular sample, there was a lot of porosity which resulted
in a much weaker sample than what we have had before. The other major takeaway from these pictures
is the number of cracks in the material. From the human perspective, these cracks are not visible, but
under a microscope, the cracks are everywhere. One detail the team noticed is that these cracks are
often going through the porosity pits, which further proves that the high porosity of this sample resulted
in the lower ultimate stress of the sample.
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3. Design Verification
The design verification comes from developing our sintering curve in the Sentro Tech High
Temperature Tube Furnace to replicate the results of a Markforged Sinter-1 furnace. Dog-bone shaped
samples have been printed, washed, and sintered using Markforged Sinter-1 technology to be utilized as
baselines for our process. As the curve for the furnace progresses, the team will be comparing the trial
samples to the original baseline products. Some of the key physical characteristics of the samples that
will be monitored are weight, measured dimensions, tensile strength, and porosity. As trials are
completed, the samples will provide the team with data to adjust the time and temperature of the
sintering curve accordingly. The development of the curve will be complete when a sample from the
Sentro Tech High Temperature Tube Furnace parallels the properties of a Markforged Sinter- 1 furnace
sample.
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4. Costs
The argon shrouding involved in the current-state sintering process drives up the cost of
printing. To quantify this cost, it is important to note that the approximate amount of argon gas used is
the same per cycle of the machine. This data was taken from manufacturer specifications and
observations of cycles in the 3-D Printing Lab at the University of Akron.
Cost of one (1) 180 Liter cylinder of Argon Gas: $600
Sintering cycles per cylinder, ideal: 6
Cost per cycle, including consumables: $175
Assuming a usage of 20 cycles per year, this results in an approximate annual cost savings of
$3,500. It is also assumed that the power required to operate the Sinter-1 furnace and the vacuum
furnace are the same or very similar.

4.1 Parts
The cost of the parts required to complete the project include material and sintering costs. Only
one print-and-sinter cycle needed to be completed using the current setup. Once parts sintered in the
Sinter-1 furnace have been tested, a baseline for material properties will have been established and
further testing can focus on parts from the vacuum furnace. Additional cost is introduced with the
material used for the prints.
Initially, 32 dog-bone shaped samples were printed, using 171 cubic centimeters of material. At
a material cost of $130 per 200 cc spool, the 32 samples printed have a total material cost of $111.15, or
$3.47 per sample. This data is quantified in the table below.

Item

Manufacturer/Equipment

1 Sintering cycle (Markforged Sinter-1)
1 Spool 17-4 PH Stainless Steel Material (200 cc)
Material cost per dog-bone sample

Markforged Sinter-1

$175.00

Markforged

$130.00

Markforged Metal-X

Total produced parts cost, material and sinter

Project Team

Approximate Annual Cost Savings (20 cycles/year)

n/a

Table 1, Sintering and Part Production Costs
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Cost

$3.47
$286.15
$3,500.00

4.2 Labor
Labor costs associated with the project are minimal. The required labor occurs in several stages
of the project but takes place primarily during the print stage. To print, wash, and sinter the 32 initial
dog-bone samples, the process takes about 3 days (72 hours). Manual input is involved to set up the
print (0.5 hours), weigh and transfer printed parts to the Wash-1 (0.5 hours) and set up sintering on
either furnace (variable).
The required research labor hours for the sintering stage may be measured differently,
however, depending on the number of cycles run until a successful sinter is achieved. For the purposes
of this analysis, it is assumed that 10 iterations will be needed on the vacuum furnace at 0.5 hours per
iteration. Since the print has already been conducted, no more associated print or wash costs will be
incurred during these iterations.
Assuming a labor cost of $30/hour, the labor costs can be quantified in the table below. Any
additional labor costs will come from research hours spent to gather data on the process and design
process parameters for each iteration on the vacuum furnace.

Process

Hours

Iterations Required

Total

Print and Wash

1.0

1

$30

Sintering Cycle, Sinter-1

0.5

1

$15

Sintering Cycle, Vacuum Furnace

0.5

10

$300

Total

6.5

n/a

$345

Table 2, Labor Costs
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5. Conclusion
At the conclusion of the Fall 2021 semester, the team had established industry contacts and
baselines established as well as functional equipment. In the Spring 2022 semester, the team was able
to give a significant baseline for the ideal set of conditions for the sintering of 17-4 PH Stainless Steel in
several processes. Steps forward were taken into new materials and adjustments to the process to allow
for parts to be sintered with and without heat treatment, including newly tabulated values such that any
student or faculty member will be able to know properties of their printed parts without testing them.

5.1 Accomplishments
The biggest accomplishments that were achieved were the replication and verification of the
previous student’s work and establishment of standards for alternative sintering. Replicating the work
showed that there was an understanding of how to work the Sentro Tech Furnace and that
improvements could be made to further imitate the results from the Markforged Sinter-1 furnace.
These accomplishments can be accredited to the research done by the team on the sintering process
and research on material properties of 17-4 PH Stainless Steel. Another accomplishment of the project
was giving team members a deeper understanding of the tensile testing due to the hands-on experience
the team has gotten on the test equipment.

5.2 Uncertainties
With minimal information available regarding the Markforged Sinter-1 procedure, due to
proprietary rights, the largest uncertainties were initially with the temperatures and times required to
complete sintering. The largest uncertainties that remain within the sintering graph and the resultant
sintering process were in the heat treatment process. The variation of temperatures, time required to
reach those temperatures, and length of time needed at which to maintain those temperatures in the
Sentro Tech Furnace to replicate the material properties attained from the Markforged Sinter-1 have
been tabulated to the best of the team’s ability.

5.3 Ethical considerations
It is necessary to consider not only the potential benefits of this design project, but also the
possible ethical ramifications as well. Fortunately, our design project has very little potential for
negative impact as far as ethics are concerned. If we are able to successfully replicate the sintering
graph of the Markforged Sinter-1 in the Sentro Tech Furnace, then we have the potential to utilize fewer
future resources while still completing the same sintering process. The Sentro Tech Furnace requires no
argon gas to operate properly and instead requires only a vacuum pump, completely eliminating the
cost of the argon gas needed for each cycle of the Markforged Sinter-1. Argon gas suppliers and the
Markforged company could be negatively impacted due to fewer future sales of argon gas dependent
sintering furnaces should our efforts prove successful.
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5.4 Future work
Further research could be done including conducting a Design of Experiment (DOE) process to
validate the findings and statistically evaluate the repeatability of the process. In addition, future work
or projects could focus on applying the team’s methodology to other materials. One such material, the
superalloy Inconel 625, is stronger at higher temperatures and has different requirements for sintering.
The 17-4 PH samples may be further analyzed for heat treatment as part of the sintering process and
heat treatment’s impact on material properties such as strength, ductility and hardness, increasing
potential applications at the University of Akron and beyond.
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Appendix A Requirement and Verification Table

Requirements

Verifications

1. Replicate the unknown sintering
1. Replicate material properties of
process of the Markforged Sinter-1
parts sintered by the Markforged
furnace
Sinter-1 furnace
a. Determine necessary
a. Weight/size verification
temperatures
b. Tensile testing
b. Determine necessary
c. Hardness testing
times
c. Develop sinter curve
Table 3, Requirements and Verifications
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Verification
status
(Y or N)
Y

